Glycogen synthase kinase 3 (GSK3), a prominent enzyme in carbohydrate metabolism, also has a major role in brain function. It is physiologically regulated by the kinase Akt, which phosphorylates GSK3 to inhibit catalytic activity. Inositol hexakisphosphate-1 (IP6K1) generates the inositol pyrophosphate diphosphoinositol pentakisphosphate (IP7), which physiologically inhibits Akt leading to enhanced GSK3 activity. We report that IP6K1 binds and stimulates GSK3 enzymatic activity in a non-catalytic fashion. Physiological relevance is evident in the inhibition of GSK3 activity in the brains of IP6K1-deleted mice. Behavioral alterations of IP6K1 knockout mice resemble those of GSK3 mutants. Accordingly, modulation of IP6K1-GSK3b interaction may exert beneficial effects in psychiatric disorders involving GSK3.
INTRODUCTION
Glycogen synthase kinase 3 alpha and beta (GSK3a and GSK3b) are prominent signaling serine/threonine protein kinases mediating responses to neurotransmitters and hormones. [1] [2] [3] Despite being considered as constitutively active, the enzymes are regulated by diverse factors. 4 In the classic growth factor signaling cascade, a variety of intercellular signals, which often converge upon tyrosine kinases, lead to activation of PI3 kinase (PI3K) that generates the phospholipid phosphatidylinositol 3,4,5-trisphosphate (PIP3). 5 PIP3 recruits the protein kinase Akt to the plasma membrane where it is activated by phosphorylation at its threonine (T308) and serine (S473) residues, respectively, by phosphoinositide-dependent kinase-1 (PDK1) 6 and mTORC2. 7 Akt in turn inhibits both GSK3 isoforms by phosphorylating the regulatory serine residues S21 (GSK3a) and S9 (GSK3b). 3, 8, 9 While Akt/GSK3 signaling has been most extensively studied in response to mitogenic stimuli, the system is also prominent in the brain and has been linked to psychiatric diseases. 10, 11 Neurotransmitters such as dopamine, in response to amphetamine, can impact Akt/GSK3 via a pathway wherein activation of D2 receptors recruits b-arrestin 2, a scaffolding protein that elicits receptor desensitization and signalization. [12] [13] [14] [15] In rodent brain, D2 receptor activation triggers the formation of a signaling complex incorporating b-arrestin 2, Akt and the protein phosphatase PP2A, which dephosphorylates and inactivates Akt leading to increased GSK3 activity. 14 Conversely, antipsychotic drugs, by blocking D2 receptors, prevent b-arrestin 2 recruitment and thereby stimulate Akt and inhibit GSK3 activity. 16 The mood stabilizer lithium, at therapeutic concentrations, disrupts the b-arrestin 2/Akt/PP2A complex thereby activating Akt and inhibiting GSK3. 17, 18 Influences of lithium upon this recently reported signaling protein complex provide an alternative mode for the well-known direct inhibition of GSK3 by lithium. 14, 19, 20 Apart from the classic PI3K/Akt pathway, GSK3 is also an integral part of the Wnt signaling complex. [20] [21] [22] GSK3 activity is enhanced in the absence of Wnt through a complex formation with adenomatosis polyposis coli protein, Axin and bcatenin. 23 Activation of Wnt inhibits GSK3 activity by recruiting GSK3-binding protein/Frat1, which inhibits GSK3 by displacing it from the destruction complex. As a result, bcatenin is stabilized, enters the nucleus and triggers transcription of Wnt target genes. 23 Several lines of evidence link Akt, and consequently GSK3, to schizophrenia and related psychiatric disorders. [24] [25] [26] AKT1 haplotypes cosegregate with schizophrenia, implicating the enzyme as a schizophrenia susceptibility gene, a possibility supported by the association of polymorphisms in this same gene with dopamine-associated behavior in schizophrenia. [26] [27] [28] Alterations in cognitive function are linked to the Akt genotype in schizophrenics. 11 Akt levels are reduced substantially in lymphocytes from a subset of schizophrenics as well as in postmortem schizophrenic brain, in which levels of phosphorylated GSK3b are also diminished. 26 Akt/GSK3b signaling influences synaptic plasticity as monitored by long-term potentiation and depression in rodents. 29, 30 GSK3 has also been implicated in various neuropsychiatric disorders via its links with Wnt signaling based in part on its modulation by typical and atypical antipsychotic medications. 24 Inositol phosphates are widely distributed in animal and plant tissues. Inositol 1,4,5-trisphosphate (IP3), the most studied inositol phosphate, signals by releasing intracellular calcium. 31 The inositol pyrophosphates are recently appreciated signaling molecules, 32, 33 which regulate diverse cellular processes, including insulin 1 signaling and weight gain, 34 insulin release, 35 energy homeostasis, 36 neutrophil phagocytosis, 37 embryonic development, 38 telomere length maintenance, 39, 40 phosphate homeostasis 41 and apoptosis. [42] [43] [44] [45] [46] Phosphorylation of inositol hexakisphosphate (IP6) by a family of IP6 kinases (IP6Ks) generates diphosphoinositol pentakisphosphate (PP-IP5 or IP7), 47 which contains a diphosphate whose free energy is comparable to that of ATP enabling it to pyrophosphorylate target proteins. 48, 49 IP7 can also signal by directly inhibiting Akt. 34 The physiological relevance of this inhibition is evident in the major augmentation of Akt signaling in IP6K1-deleted mice (IP6K1-KO). 34, 37 Consequently, IP6K1-KO mice are protected against weight gain and insulin resistance. 34 Though IP6K1 is highly expressed in brain, 47, 50 its neuronal functions have not been studied. In the present study, we report that IP6K1 binds both GSK3a and b and physiologically stimulates their catalytic activities. IP6K1 enhances GSK3 catalytic activity in vitro in a catalytically independent mechanism. IP6K1-KO mice display significant reduction in GSK3 activity in diverse brain regions. The behavioral phenotype of IP6K1-KO mice is consistent with these signaling alterations indicating that IP6K1 is a physiological activator of GSK3.
MATERIALS AND METHODS Materials
Mice. Generation of IP6K1-KO mice were described previously.
51 IP6K1-KO mice were inbred up to six generations with C57BL/6 mice. Three-to four-month-old male littermates were used for studies. Animal care and experimentations were approved by the Johns Hopkins University Animal Care and Use Committee. Mice were housed in a 12-h light/12-h dark cycle, at an ambient temperature of 22 1C, and fed standard rodent chow.
Antibodies. Horseradish peroxidase (HRP)-conjugated a-GST (Sigma-Aldrich, St Louis, MO, USA), HRP-conjugated light-chain-specific a-IgG (Jackson Immunoresearch, West Grove, PA, USA), a-IP6K1 (Genetex, Irvine, CA, USA), a-GSK3a/a-GSK3b (Millipore, Billerica, MA, USA). All other antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA).
Proteins. Purified recombinant active Akt and GST-GSK3b (rat) were from Millipore; untagged GSK3b purified from bacteria was from New England Biolabs (Ipswich, MA, USA). Recombinant human Tau-441 protein was purchased from Signalchem (Richmond, BC, Canada).
Pharmacological inhibitors. TDZD-8 (EMD Biosciences, San Diego, CA, USA), SB216763 and SB415286 (Cayman Chemicals, Ann Arbor, MI, USA), Amphetamine (Tocris Bioscience, Ellisville, MO, USA).
Other chemicals. All the other chemicals were purchased from SigmaAldrich, unless otherwise stated. Proteins and peptides: Active GSK3b (New England Biolabs), CREB phosphopeptide (Anaspec, Freemont, CA, USA). The following clones were purchased from Addgene (Cambridge, MA, USA): pCDNA3-HA-GSK3b WT (14753), pCDNA-HAGSK3b K85A (14755) (Jim Woodgett Lab).
Methods
IP6K1-GSK3 co-immunoprecipitation. Cortical and hippocampal tissues were isolated from WT and IP6K1-KO mice and lysed with a buffer containing 20 mM Tris-Cl (pH 7.4), 150 mM NaCl, 1% Trion X-100, protease and phosphatase inhibitors. Equal concentrations of proteins (1.5 mg each) were incubated with rabbit IgG and protein A/G sepharose beads for 30 min to pre-clear the lysates. Beads were discarded and the supernatants were used for immunoprecipitation overnight by control IgG or 2.5 mg a-IP6K1 antibody and protein A/G sepharose beads. Next day, beads were washed 3 Â with wash buffer (lysis buffer without protease/phosphatase inhibitors) and boiled with LDS-buffer for SDS-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of IP6K1 and GSK3b. To avoid detection of heavy chain antibody by western blotting, HRP-conjugated light chain-specific antibody was used for IP6K1 and GSK3b detection.
GSK3b-bcatenin co-immunoprecipitation from WT and IP6K1-KO hippocampal extracts. Hippocampal extracts were prepared from WT and IP6K1-KO mice. Extracts from two WT and three KOs (shown in Figure 3e) were pooled together. Total 750 mg of proteins were used for the immunoprecipitation experiment after preclearing the lysates with a-IgG. a-GSK3b antibody and protein A/G beads (EMD Biosciences) were added to the lysates and rotated at 4 1C for overnight. Samples were processed for western blotting as described earlier and were detected with a-bcatenin and a-GSK3b antibodies.
GST pull-down assay. GST or GST-IP6K1 was overexpressed in HEK293 cells using polyfect transfection reagent (Qiagen, Valencia, CA, USA). At 48 h post transfection, cells were lysed in lysis buffer. Equal concentrations of proteins were incubated overnight with glutathione-sepharose beads. Next day, beads were washed 3 Â with wash buffer. Beads were then boiled with LDS-buffer for SDS-PAGE analysis of GST-IP6K1 and endogenous GSK3b.
To monitor IP6K1-GSK3b binding in presence of GSK3 inhibitors, indicated drugs were added (20 mM of SB216763, SB415286 and TWS119 and 50 mM of TDZD-8) to 10 cm plates 48 h post transfection for indicated time periods. Cells were lysed and assayed as described above.
For deletion-mapping experiments, GST-IP6K1 and Flag-GSK3 deletion fragments were co-overexpressed in HEK293 cells. Cells were lysed and processed following procedure described above.
IP6K1-GSK3b binding in vitro. Recombinant 6X-His-IP6K1 and GST-GSK3b (1 mM each) were incubated in binding buffer (20 mM Tris-Cl (pH 7.4), 150 mM NaCl and 1% Triton X-100) in a total volume of 100 ml for 30 min at room temperature. Glutathione-sepharose beads were added to the mixture and were incubated for 1 h with occasional mixing. Beads were washed 3 Â with wash buffer (similar to the binding buffer with 300 mM NaCl). Samples were prepared for SDS-PAGE analysis.
GSK3b activity assay in vitro. GSK3b (50 nM, New England Biolabs) was used in the assay with 50 mM CREB phosphopeptide, 250 mM Mg-ATP, 10 mM MgCl 2 and [g32P]ATP (1 mCi) for 15 min at 30 1C. Purified recombinant human IP6K1-WT or IP6K1-KD (kinase-dead, K226A-S334A double mutant) were added at indicated concentrations in the assay. Reaction was stopped by addition of 50 mM EDTA. Reaction mixtures were spotted on P81 phosphocellulose papers (Millipore). Papers were washed 3 Â with 75 mM phosphoric acid to remove non-specific radioactivity. Papers were then dehydrated with methanol and counted in a liquid scintillation counter.
To monitor GSK3b activity on Tau, purified recombinant Tau (1 mM) was used as GSK3b substrate with other conditions unchanged in presence of indicated concentrations of IP6K1. Reaction was boiled with LDS-buffer and run on an SDS-PAGE. Radiolabeled Tau was detected by autoradiography.
To assess IP6K1's effect on Akt-mediated GSK3 phosphorylation, active recombinant Akt was incubated with recombinant GST-GSK3b in presence of 100 mM ATP, 1 mM MgCl 2 and indicated concentrations of recombinant IP6K1 for 30 min. Reaction was stopped by addition of 25 mM EDTA. Samples were run on SDS-PAGE and immunoblotted against a-pGSK3 (S9), a-GST and a-IP6K1 antibodies.
3[H]
Myoinositol labeling of WT IP6K1-KO cortical neurons. IP6K1 heterozygous male and females were set for breeding. On the 18th day, cortical neurons were isolated from individual embryos, the body portions of which were genotyped simultaneously. Inositol labeling was started on 12-day-old neurons in culture. Inositol phosphates were processed 3 days post labeling following standard procedure.
34,52
Purification of recombinant IP6K1-WT and IP6K1-KD. E. coli BL21 cells were transformed with pGEX6P2-IP6K1-WT and IP6K1-KD constructs. Single colony from each plate was grown in 100 ml of Luria Bertani medium overnight in presence of ampicillin 100 mg ml À 1 final concentrations. The overnight culture was transferred to 1 l fresh Luria Bertani medium with 100 mg ml À 1 ampicillin, grown to 0.7-0.8 OD 600 (B2-3 h), then induced with 1 mM IPTG for 4 h. Cells were pelleted and lysed by sonication with 30 ml of lysis buffer (20 mM Tris, pH 7.4; 200 mM NaCl; 5 mM DTT; 1% Triton X-100; 1 mg ml À 1 lysozyme and protease inhibitor cocktails). Supernatant was taken after centrifugation. Glutathione sepharose (1 ml packed beads) were equilibrated with 10 ml of equilibration buffer (20 mM Tris þ 10 mg bovine serum albumin). 300l beads were added to each sample, rotated at 4 1C for 2 h. Beads were washed 3 Â with 10 ml wash buffer (Lysis buffer without protease inhibitors and lysozyme).
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Prescission protease treatment. After the third wash, solution was removed from the beads. To 300l beads, 300l prescission protease buffer (50 mM Tris 7.5, 150 mM NaCl, 0.01% Triton X-100) and 1l protease were added and incubated overnight at 4 1C. Proteins were frozen after adding 1 mM DTT and 20% glycerol.
Behavioral tests
Drug administration. Amphetamine (Tocris Bioscience) was prepared in 0.9% saline solution and injected intraperitoneally (i.p.) in a volume of 10 ml kg À 1 of body weight. 4-benzyl-2-methyl-1,2,4-thiadiazolidine-3,5-dione (TDZD-8) was solubilized in a minimal volume of Tween (SigmaAldrich) then dissolved in 0.9% saline solution and injected i.p. in a volume of 10 ml kg À 1 of body weight as described. 53 Locomotor activity. Locomotion was assessed under illuminates conditions in an automated Omnitech digiscan apparatus (AccuScan Instrument, Columbus,OH, USA) as described. 53 For the evaluation of locomotor activity in a novel environment, mice were placed into the apparatus and their activity was monitored for 1 h. The following parameters were measured: horizontal activity and vertical time. For tests involving drug treatment, mice were placed in the locomotor activity monitor chamber for an acclimation period of 45 min before being injected with amphetamine or vehicle. After injection, mice were returned to the monitoring chamber and their locomotor activity was recorded for an additional 2 h. For TDZD-8 response, locomotion was assessed under illuminated conditions in an automated Omnitech Digiscan apparatus (AccuScan Instrument) for 60 min.
Rotarod. Motor coordination was assessed using a rotarod (MedAssociates, Georgia, VT, USA). Control WT and IP6K1-KO mice were placed on an accelerating rotarod (2-20 r.p.m. in 5 min). Mouse performed at four trials and fall latency is recorded allowing assessing the mean of latency to fall of each animal.
Preference for social novelty. Males mice were isolated for 2 weeks and placed in a three-compartment box as described. 54 Mice were allowed to circulate freely in the three-compartment box for 5 min. Empty, inverted cups (Galaxy Pencil cup/Utility Cup Spectrum Diversified Designs, Streetsboro, OH, USA) were placed in each outer compartment. After this acclimation session, experimental mice were placed in the central compartment with doors closed, allowing the experimenter to introduce an unknown male (age-matched, C57BL/6) in one of the cups and an object of approximately the same size in the center of the other inverted cup. Then, both doors were simultaneously opened and, for a 10-min session (session 1), the tested mouse was free to explore all three compartments. After this, the mouse was placed back in the center compartment and the object was replaced by another unknown male mouse, while the first male remained in the same position. During the second session of the social novelty phase, the test mouse was again free to explore all three compartments for a 10-min session. During both test sessions, video tracking was performed and the amount of time spent sniffing the stranger mice or the object was recorded and analyzed using ANY-maze (Stoelting, Wood Dale, IL, USA).
Social interactions. Social interactions were performed in a transparent Plexiglas area with males being kept in isolation for 14 days before testing as described. 55, 56 Unfamiliar pairs of age and weight-matched animals were placed at the same time in the open field for 20 min. A control C57BL/ 6 male and a mouse from the tested line made up each pair. For each pair of animals, the following parameters were measured: Time spent by the animals in active social interaction (including time spent sniffing, allogrooming, following, crawling, escaping and wrestling), and number of social events (sniffing, following, allogrooming, crawling) or non-social events (grooming, escape, wrestling, biting) initiated by each animal. For tests involving drug treatment, pairs were composed of two C57BL/6 males were one of them received one injection and were returned in the home cage 5 min before the test.
Statistical analysis
Behavioral analysis. To compare pairs of columns, data were analyzed by two-tailed student t-tests. Other behavioral studies (Figure 5a , c and e) were analyzed using analysis of variance with Bonferroni post-hoc tests for multiple comparisons using GraphPad Prism software, Version 5.01 (Graphpad software, La Jolla, CA, USA). Data are presented as ± s.e.m.; *Pp0.05, **Pp0.01 and ***Pp0.005.
Other experiments. Data from at least three independent experiments were plotted using Sigmaplot software. For western blotting experiments, bands from three independent experiments were quantified using ImageJ software. Data are presented as ±s.e.m. Statistical significance was calculated by Student's t-test using the Sigmaplot software (***Pp0.001; **Pp0.01; *Pp0.05).
RESULTS
IP6K1 physiologically binds GSK3 kinase IP6K1 influences the Akt/GSK3 pathway in peripheral tissues. We investigated neuronal interactors of IP6K1 in the PI3K/Akt pathway and discovered that IP6K1 interacts with GSK3. Overexpressed IP6K1 binds endogenous GSK3a and b in HEK293 cells (Figure 1a) . Endogenous IP6K1 and GSK3a/b bind, as evidenced by coimmunoprecipitation of the proteins from mouse cerebral cortical extracts (Figure 1b) . Of the two isoforms, GSK3b binding is more prominent, so we focused upon GSK3b in subsequent experiments. We confirm the specificity of the in vivo protein interaction as GSK3b is not co-immunoprecipitated from IP6K1-KO tissue extracts (Figure 1c) . The protein interactions are direct, as evidenced by the in vitro binding of purified IP6K1 and GSK3b (Figure 1d) .
Binding of IP6K1 to GSK3 is dependent upon GSK3 catalytic activity. Thus, IP6K1-GSK3b interactions increase in the presence of the PI3K inhibitor wortmannin (Figure 1e ), which stimulates GSK3 via Akt inhibition. 57 We also monitored IP6K1-GSK3b binding in the presence of diverse GSK3 inhibitors of which TDZD-8, an ATP-non-competitive inhibitor 58 disrupts IP6K1-GSK3b binding within 4 h (Figure 1f ). Other GSK3 inhibitors also inhibit the binding after overnight treatment (Supplementary Figure 1) .
We investigated the IP6K1-binding site on GSK3. The protein kinase is broadly divided into a N-terminal glycine rich domain, which possesses the inhibitory serine phosphorylation site, the middle kinase domain containing tyrosine autophosphorylation site and the C-terminal domain. 59 Deletion analysis reveals that IP6K1 binds to the N-terminal (1-123) domain of GSK3b (Figure 1g ). IP6K1 does not bind the catalytically inactive lysine85-alanine GSK3b mutant (Figure 1h) . Thus, IP6K1 physiologically binds N-terminal domain of active conformation of GSK3.
IP6K1 stimulates GSK3 kinase catalytic activity We assessed the influence of IP6K1 binding on GSK3 activity. With an in vitro assay using pCREB peptide as a GSK3b substrate, 60 bacterially purified IP6K1-WT (Supplementary Figure 2) stimulates GSK3b catalytic activity fourfold, whereas HSP90 61 and bovine serum albumin display modest effects (Figure 2a) . The stimulatory effect of IP6K1 does not depend on its active conformation, as catalytically inactive IP6K1 (IP6K1 K226A-S334A double mutant denoted as IP6K1-KD) acts similarly (Figure 2a) . We confirmed that the stimulatory action reflects GSK3b's effect on pCREB, as IP6K1 does not phosphorylate pCREB peptide (Supplementary Figure 3) .
We assessed GSK3b activity in the presence of IP6K1 in vitro using the microtubule-associated protein Tau, a well-characterized GSK3 substrate, 62 whose hyperphosphorylation on GSK3 sites is a prominent marker of Alzheimer's disease. 63 IP6K1-WT and KD both directly activate phosphorylation of Tau by GSK3b (Figure 2b) . Moreover, IP6K1-KD binds GSK3b in vitro to a similar extent as IP6K1-WT (Figure 2c) .
Consistent with IP6K1's stimulation of GSK3b being independent of catalytic activity, IP7 (Figure 2d ) or IP6 alone (data not shown) or in combination with IP6K1 fail to influence GSK3b.
IP6K1 binds to the N-terminal domain of GSK3, which also contains Akt phosphorylation site. We examined whether IP6K1 interferes directly with Akt's action on GSK3 in vitro. IP6K1 at 50 nM IP6K1 promotes GSK3 kinase activity A Chakraborty et al significantly inhibits Akt-mediated phosphorylation of GSK3b (Supplementary Figure 4) . IP6K1-KD displays similar effects (data not shown). IP7 does not display any inhibitory effect even at 500 nM (data not shown), whereas it blocks PDK1-mediated Akt activation at low nM concentrations. 34 As IP6K1 does not bind to Akt and IP7 is ineffective in this assay, it is possible that IP6K1 activates GSK3 by physically interfering with its phosphorylation by Akt.
Targeted deletion of IP6K1 disrupts GSK3 signaling
We assessed in vivo regulation of GSK3 activity by IP6K1 in the brain using IP6K1-KO mice. First, we explored the role of IP6K1 in the biosynthesis of inositol pyrophosphates in the brain. IP6K1 physiologically generates two forms of inositol pyrophosphates, PP-IP4 from IP5 and 5-PP-IP5 or IP7 from IP6. 32, 64, 65 In cerebral cortical cultures from IP6K1-KO mice generation of both of these products of IP6K1 is reduced by about 50% (Figure 3a and Supplementary Figure 5) . Thus, IP6K1 is a major, though not sole source of inositol pyrophosphates in the cerebral cortex.
We monitored effects of IP6K1 deletion upon phosphorylated forms of GSK3a/b in the cerebral cortex, hippocampus and corpus striatum of IP6K1-KO mice (Figures 3b-d) . In all three brain regions, phosphorylation levels of GSK3a (S21) and GSK3b (S9) are substantially increased in IP6K1 knockouts. The extent of augmentation is similar in the three brain regions examined but more prominent in cortex and hippocampus. By contrast, phosphorylation of Erk (T202/Y204), which is not part of the Akt-GSK3 pathway, is not altered in the IP6K1 knockouts. We also detect enhanced phosphorylation of Akt (T308 and S473) in IP6K1-KO mice (Supplementary Figures 6a and b) .
We examined, in IP6K1-KO mice, phosphorylation and stabilization of bcatenin, a GSK3b substrate that is targeted for degradation following its phosphorylation. 22 In IP6K1-KO cortical and hippocampal extracts, we observe increased levels of total bcatenin protein in accordance with diminished levels of phosphorylation at serines 33/37 (Figures 3e-g ). Despite enhanced levels of bcatenin in IP6K1 mutants, its binding to GSK3b is diminished indicating disruption of the complex in the absence of IP6K1 (Figure 3h ). IP6K1 deletion impacts locomotor behavior GSK3 has been associated with the regulation of locomotor activity by lithium and drugs affecting dopamine receptor IP6K1 promotes GSK3 kinase activity A Chakraborty et al signaling. 28 Mice with increased activation of GSK3 53,66,67 display enhanced locomotor responses when placed in novel environments. In addition, GSK3a-KO mice manifest reduced exploratory locomotor activity in a novel environment, 68 while GSK3b haploinsufficient mice have reduced locomotor responsiveness to amphetamine. 53 Regulation of GSK3 by IP6K1 might imply similar influences upon locomotor activity. Accordingly, we examined locomotor activity of IP6K1 mutants. IP6K1-KO mice exhibit decreased basal horizontal and vertical activity in a novel environment as compared with their non-transgenic littermates (Figures 4a  and b) . As previously shown, 14, 16 a similar, albeit more profound, effect on basal locomotor activity is elicited in WT mice by the selective GSK3 inhibitor TDZD-8 (Figure 4c ). To rule out the possibility that changes in locomotor activity in IP6K1-KO mice reflect a more generalized deficiency in motor coordination or strength, these parameters were evaluated using an accelerating rotarod. In this test, IP6K1-KO and WT mice perform similarly (Figure 4d ). D-Amphetamine (2 mg kg À 1 i.p.) elicits hyperlocomotion in both IP6K1-KO and WT mice (Figure 4e) . However, the intensity of this response is reduced in KO animals during a 90-min period following drug injection (Figures 4f and g ). The diminished activation of the mutant mice is most notable 30 min after drug treatment, while the initial response to amphetamine unaffected in the first 30 min (Figure 4g) . Interestingly, similar changes in the dynamic response to amphetamine, occurring only 30 min after treatment, have also been reported in GSK3b haploinsufficient mice 53 and are compatible with the known delayed response of Akt/GSK3 signaling to dopamine receptor stimulation. 14 IP6K1 deletion disrupts social behavior Studies using different mice models of GSK3a or b deficiency reveal that these two kinases contribute in different ways to the regulation of social behavior. Thus, complete deletion of forebrain GSK3b increases sociability 56 and, while having no effect on its own, GSK3b haploinsufficiency improves social behavior in serotonin-depleted mice. 69 By contrast, GSK3a-KO mice display a lack of interest for social interaction in the Crawley Preference for Social Novelty test (PSNT), 68 a behavioral paradigm used to model 'autistic-like' social responses in rodents. 54 In the PSNT, mice are placed in the central compartment of a three-compartment chamber. In the first session, the mouse can choose between visiting a compartment containing a neutral object and a compartment containing an immobilized, unfamiliar social interaction partner. In the second session of the test, the mouse is given the choice of visiting a known or new interaction partner. 54 In this test, WT animals generally prefer to interact with a social partner in the first session and with a novel interaction partner in the second session. When assayed in the PSNT, IP6K1-KO mice exhibit deficits (Figure 5a ) similar to those reported in GSK3a-KO animals. 68 Unlike WT mice, during the first PSNT session, IP6K1-KO mice do not prefer the chamber containing an unfamiliar mouse (Stranger 1, or S1) over a chamber containing a new object (obj) (Figure 5a, session 1) . Furthermore, during the . Phosphorylation of Tau was detected by autoradiography after running the samples on SDSpolyacrylamide gel electrophoresis (SDS-PAGE). Protein load was determined by coommassie blue staining. (c) GST-tagged IP6K1-WT and IP6K1-KD bind recombinant purified untagged GSK3b to a similar extent in vitro. All the proteins were purified from bacteria. (d) IP7 alone or in combination with IP6K1 does not influence GSK3b activity in vitro.
IP6K1 promotes GSK3 kinase activity A Chakraborty et al second phase of the test (session 2), mutant males do not explore the newly introduced mouse (Stranger 2 or S2) over a now familiar mouse (S1) (Figure 5a, session 2) . This indifference to social novelty indicates reduced social motivation in the IP6KI-KO animals.
To evaluate sociability in a more socially relevant context, a social interaction test was performed in an open area where two unknown male mice, a C57BL/6 and an IP6K1-WT or KO, were free to interact with each other. We observe no difference between WT and KO mice in time spent in active social interaction, made up by time during which one or both mice are engaged in social activities (Figure 5b) . Nevertheless, whereas C57BL/6 and WT animals initiate similar numbers of social events during the test, KO mice initiate fewer social events (Figure 5c ). To assess a possible role for global inhibition of GSK3 in this social paradigm, control WT male mice were treated with TDZD-8 or vehicle before the social interaction test (Figures 5d and e) . Treatment with TDZD-8 slightly decreases the total time spent in active social interaction (Figure 5d ). Further examination of the interactions reveals that this overall reduction in social interactions can be attributed to diminished social events initiated by TDZD-8 treated mice (Figure 5e ). Thus, inhibition of both GSK3 isoforms results in lower sociability both in mice treated with a GSK3 inhibitor and in IP6K1-KO mice.
DISCUSSION
In the present study, we demonstrate that IP6K1 physiologically regulates GSK3 kinases. IP6K1 binds and activates GSK3 both in vitro and in vivo. Catalytically inactive IP6K1 stimulates GSK3 activity as effectively as the wild-type enzyme. There is precedent for such catalytically independent actions of enzymes in the inositol polyphosphate family. Thus, inositol polyphosphate multikinase exerts both inositol phosphate kinase activity, as the biological source of inositol pentakisphophate (IP5) as well as manifesting PI3 kinase activity. 70 Additionally, independent of its IP6K1 promotes GSK3 kinase activity A Chakraborty et al catalytic activity, inositol polyphosphate multikinase physiologically stabilizes the mTOR1 complex to stimulate protein synthesis. 71 Moreover, IP6K1 regulates dopamine release in a catalytically independent manner. 50 In contrast to the ability of kinase-dead IP6K1 to activate GSK3, catalytic activity of GSK3 is required for binding to IP6K1. Thus, three distinct inhibitors of GSK3 substantially decrease IP6K1-GSK3b binding. Moreover, kinase-dead GSK3b binds much less to IP6K1 than the wild-type enzyme. These findings suggest that IP6K1 binds selectively to the catalytically active form of GSK3. Alternatively, IP6K1 binding may stabilize the active conformation of GSK3b.
In our earlier studies, we established that IP7 generated by IP6K1 physiologically regulates Akt. 34 Thus, at low nM concentrations, IP7 inhibits the phosphorylation and activation of Akt by PDK1, whereas Akt activity is greatly augmented and GSK activity is reduced in IP6K1-deleted mice. 34 Findings of the present study establish a complementary mode of GSK3 regulation by IP6K1, which non-catalytically provides direct activation of GSK3. Augmentation of GSK3 signaling involving two distinct -catalytic versus non-catalytic-actions of IP6K1 implies biological importance for this system ( Figure 6 ).
Evidence for a physiological role of IP6K1 in regulating GSK3 in the brain with attendant behavioral sequelae comes from our experiments showing reduced GSK3 activity in brains of IP6K1 mutants. Behavioral responses of IP6K1-KO mice are reminiscent of several mouse models of GSK3 deficiency as well as of normal animals treated with GSK3 inhibitors.
Reductions in locomotor responsiveness to amphetamine similar to those observed in IP6K1-KO mice, have been reported in haploinsufficient GSK3b mice. 53 Reduced social interactions have been detected in GSK3a-KO mice. 68 Interestingly, reduction of GSK3b activity has been reported to exert virtually opposite effects, enhancing sociability, 56 suggesting that GSK3 isoforms may have different roles in modulating behavior. However, WT mice treated with a GSK3 inhibitor TDZD-8 display similar effect (Figure 5e ) as IP6K1-KOs, which indicates that global inhibition of GSK3 disrupts social interactions.
Diminished GSK3 activity and related behavioral consequences in IP6K1-KO mice may reflect combined effects of IP7 on Akt and IP6K1 on GSK3. Though we examined both mechanisms in vitro, it is difficult to assess to what extent each contributes in vivo, because readouts for both phenomena are the same. Depending on regional 56 or cellular contexts, each pathway may contribute differently. Furthermore, binding of IP6K1 may also prevent GSK3 inhibition by other kinases that have been shown to phosphorylate the N-terminal region of GSK3. 3 In contrast, IP7 inhibition of Akt globally diminishes the phosphorylation of its substrates, including GSK3. Moreover, IP6K1 binding prevents Aktmediated GSK3 phosphorylation, indicating that Akt activation alone may not suffice to inhibit GSK3 activity in vivo and that disruption IP6K1-GSK3 binding may also necessary. Thus, both mechanisms seem to participate in GSK3 activation and do so in a coordinated fashion. Knock-in studies with mutants of IP6K1 that are catalytically inactive or unable to bind GSK3 may be necessary to dissect the specific consequences of IP7 and IP6K1 mechanisms in the regulation of behavior.
Obesity and related metabolic syndromes are risk factors for mental disorders 72, 73 and neurodegenerative diseases such as Alzheimer's disease. 74, 75 GSK3 activity is increased in obesity, type 2 diabetes and neurodegeneration and thus, is considered as a common link in metabolic disorders and neurodegeneration via phosphorylationmediated regulation of various targets such as glycogen synthase, bcatenin, Tau and bamyloid. 75, 76 Therefore, IP6K1 regulation of GSK3 via Akt 34 or by direct binding may differentially regulate GSK3 targets in various disease conditions or provide an avenue to understand comorbidities of neurological and metabolic diseases.
Abnormalities in insulin signaling pathways have been demonstrated in various psychiatric 77 and neurodegenerative diseases. 78 Second-generation antipsychotics display metabolic side effects of which weight gain is the most prominent. 79 IP6K1-KO mice are protected against age and high-fat diet-induced insulin resistance and obesity. 34 Thus, IP6K1 modulators alone or in combination might beneficially modulate insulin signaling pathway and suppress weight gain. 33 Drugs that inhibit IP6K1 activity or disrupt its binding to GSK3 may exert beneficial effects in schizophrenics based on the reported diminution of Akt/GSK3 signaling in schizophrenic patient brain and the augmented Akt signaling in IP6K1 mutant mice.
Furthermore, enhanced stability of bcatenin in IP6K1-KO mice as a result of its reduced binding with GSK3b (Figures 3g and h) implies regulation of the Wnt complex stability by IP6K1. IP6K1 binding may specifically impact Wnt-mediated GSK3, whereas IP7 might reduce Akt activity with global effects on Akt substrates, notably GSK3. Further characterization of IP7-Akt and IP6K1-GSK3 complexes may clarify cross-talk mechanisms regulating IP6K1 in Wnt and insulin signaling pathway.
In conclusion, our data indicate that IP6K1 can activate brain GSK3 isoforms via two parallel mechanisms. Our findings also indicate that the control of GSK3 isoforms by IP6K1 can contribute to behavioral regulation by GSK3a and b. Accordingly, modulation of brain IP6K1 may represent a previously unexplored avenue for the management of mental disorders associated with aberrant regulation of GSK3 activity.
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Behavior Figure 6 . barrestin/PP2A complex inhibits Akt and activates glycogen synthase kinase b (GSKb) in response to dopamine signaling via D2 receptors. Inositol hexakisphosphate-1 (IP6K1) generates IP7, which inhibits overactivation of Akt thus enhancing GSK3. IP6K1 directly binds and activates GSK3. Thus, targeting IP6K1 activity and/ or its binding to GSK3 may improve psychiatric symptoms via GSK3 regulation.
IP6K1 promotes GSK3 kinase activity A Chakraborty et al
